AD-A179  269 


AO 


TECHNICAL  REPORT  ARCCB-TR-87003 


SUPERCONDUCTING  AUGMENTED  RAIL  GUN  (SARG) 


CLARKE  G.  HOMAN 
WILFRED  SCHOLZ 


DTIC 

j-LECTE 
^  MAR  1  9  1987 


I 


FEBRUARY  1987 


US  ARMY  ARMAMENT  RESEARCH,  DEVELOPMENT 
AND  ENGINEERING  CENTER 

CLOSE  COMBAT  ARMAMENTS  CENTER 

beni£t  weapons  laboratory 

WATERVLIET,  N*Y.  12189-4050 


DISCLAIMER  NOTICE 


THIS  DOCUMENT  IS  BEST  QUALITY 
PRACTICABLE.  THE  COPY  FURNISHED 
TO  DTIC  CONTAINED  A  SIGNIFICANT 
NUMBER  OF  PAGES  WHICH  DO  NOT 
REPRODUCE  LEGIBLY. 


DISCLAIMER 


The  findings  in  this  report  are  not  to  be  construed  as  an  official 
Department  of  the  Army  position  unless  so  designated  by  other  authorized 
documents. 

The  use  of  trade  name(s)  and/or  manufacturer(s)  does  not  constitute 
an  official  indorsement  or  approval. 


DESTRUCTION  NOTICE 

For  classified  documents,  follow  the  procedures  in  DoD  5200. 22-M, 
Industrial  Security  Manual,  Section  11-19  or  DoD  5200. 1-R,  Information 
Security  Program  Regulation,  Chapter  IX. 

For  unclassified,  limited  documents,  destroy  by  any  method  that  will 
prevent  disclosure  of  contents  or  reconstruction  of  the  document. 

For  unclassified,  unlimited  documents,  destroy  when  the  report  is 
no  longer  needed.  Do  not  return  it  to  the  originator. 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  (Whmt  Data  Bntarad) 


REPORT  DOCUMENTATION  PAGE 

1.  REPORT  NUMBER 

ARCCB-TR-87003 

2.  GOVT  ACCESSION  NO* 

4.  TITLE  (and  Subtltla) 

SUPERCONDUCTING  AUGMENTED  RAIL  GUI 

i  (SARG) 

7.  AUTHORf a) 

Clarke  G.  Homan  and  Wilfred  Schol; 

z  (See  Reverse) 

S.  PERFORMING  ORGANIZATION  NAME  AND  AOORESS 

US  Army  Armament  Research,  Develop,  &  Engr  Center 
Benet  Weapons  Laboratory,  SMCAR-CCB-TL 

Watervliet,  NY  12189-4050 

1 1.  CONTROLLING  OFFICE  NAME  AND  AOORESS 

US  Army  Armament  Research,  Develoi 
Close  Combat  Armaments  Center 
Dover,  NJ  07801-5001 

3,  &  Engr  Center 

READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


I 


-  MONITORING  AGENCY  NAME  ft  ADORE SS(li  dltierent  from  Controlling  OUl cm) 


*>jr. 


S.  TYPE  OF  REPORT  A  PERIOD  COVEREO 

Final 


S.  PERFORMING  ORG.  REPORT  NUMBER 


8.  CONTRACT  OR  GRANT  NUMBERS 


10.  PROGRAM  ELEMENT.  PROJECT,  TASK 
AREA  8  WORK  UNIT  NUMBERS 

AMCMS  No.  6111.01.91A0.0 
PRON  No.  1A6AZ601NMLC 


12.  REPORT  OATE 

February  1987 


13.  NUMBER  OF  PAGES 
16 


IS.  SECURITY  CLASS,  (at  (A la  rapart) 

UNCLASSIFIED 


IS*.  DECLASSIFICATION/DOWNGRADING 
SCHEDULE 


IS.  DISTRIBUTION  STATEMENT  (ot  thla  Rapart) 


Approved  for  public  release;  distribution  unlimited. 


17.  DISTRIBUTION  STATEMENT  (at  tha  obatraet  antarad  In  Black  20,  It  dltlarant  froai  Rapart) 


IS.  SUPPLEMENTARY  NOTES 

Presented  at  the  U.5.  Army  Science  Conference,  U.S.  Military  Academy, 
West  Point,  NY,  17-20  June  1986. 

Published  in  Proceedings  of  the  Conference. 


19.  KEY  WOROS  (Continue  on  rtvtrM  ride  U  noceooory  end  I  don  t  tty  by  block  number) 

Rail  Gun 

Superconducting  Augmentation 
Theoretical  Analysis 


20.  A  MS  TRACT  (Coatboue  on  roootmo  etdb  ft  nmeeeeeoy  mod  Identity  by  block  number) 

••Both  the  energy  efficiency  and  projectile  velocity  of  a  rail  gun  system  can  be 
substantially  increased  by  the  addition  of  an  adjunct  superconducting  augmen¬ 
tation  coil  system.  The  energy  efficiency  results  from  the  superconducting 
coil's  ability  to  recover  the  rail  magnetic  field  energy  normally  dissipated  at 
the  end  of  launch  in  rail  guns,  by  means  of  a  unique  application  of  the  flux 
conservation  property  of  superconducting  coils.  The  increased  velocity  results 

(Cont'd  on  Reverse)^ 


I  JAM  73 


EDITION  OF  •  MOV  SS  IS  OBSOLETE 


_ UNCLASSIFIED _ 

SECURITY  CLASSIFICATION  OF  THIS  PAGE  (W than  Data  Bntarad) 


MCUWTY  CLAWFICATIOM  OF  TMH  eAOtfWfc—  omm  «»H r»Q 


7.  AUTHORS  (CONT'O) 

Wilfred  Scholz 

U.S.  Army  Armament  Research,  Development,  and  Engineering  Center 
Benet  Weapons  Laboratory 
Watervliet,  NY 

and 

Physics  Department 

State  University  of  New  York 

Albany,  NY 


20.  ABSTRACT  (CONT'O) 

-"^from  the  augmented  Lorentz  force  due  to  the  augmentation  coil  magnetic  field. 
In  an  idealized  system,  both  the  energy  efficiency  and  projectile  velocities 
can  be  increased  by  more  than  80  percent,  dependent  on  the  magnetic  coupling 
between  the  rail  and  augmentation  coils.  The  theoretical  evaluation  has  been 
extended  to  include  dissipative  effects  which  reveal  that  actual  launch  effi¬ 
ciencies  are  increased  from  25  percent  (rail  gun)  to  over  50  percent  (SARG). 

A  theoretical  analysis  of  SARG  is  presented  here  together  with  the  progress  of 
an  experimental  demonstrator  developed  at  Benet  Weapons  Labof*atory. 


UNCLASSIFIED 

»*cu*ity  classification  or  tmii  r»oe(w*i«i  *>•»• 


( 

I 


TABLE  OF  CONTENTS 

Page 


INTRODUCTION  1 
THEORETICAL  ANALYSIS  3 
SARG  OEMONSTRATOR  7 
PROTOTYPE  SARG  WEAPONS  8 
CONCLUSION  14 
REFERENCES  15 


TABLES 

I.  TYPICAL  SPECIFICATIONS  FOR  THE  WEAPONIZATION  OF  A  SARG  LAUNCHER  9 

II.  RESULTS  OF  THE  THEORETICAL  ANALYSES  OF  THREE  CONFIGURATIONS  OF  12 

RAIL  LAUNCHERS  (RAIL  GUN,  SARG,  AND  BALLASTED  SARG). 


LIST  OF  ILLUSTRATIONS 

1.  Schematic  circuit  of  rail  gun  with  an  adjunct  superconducting  4 

augmentation  system  (SARG). 

2.  Variation  of  ideal  launch  efficiency  (ILE)  as  a  function  of  magnetic  5 

coupling  constant  k  for  the  case  when  Iso  =  I  and  Ls  =  L. 

3.  Schematic  circuit  of  "ballasted"  SARG.  10 


'ACCCoim  for 

NT!S  CRA'll 
OTIC  TAB 
U.:d'ir.o;mcf>d 


By 

B.:t  ib..tioo/ 


O 

□ 


Avjifjbility  Codes 

~TAvciii  a-.d/or 
Special 

I  I 


- i 


I 

i 


INTRODUCTION 


Electromagnetically  launched  (EML)  projectiles  offer  the  possibility  of 
project’ 1e  muzzle  velocities  considerably  greater  than  can  be  achieved  with  can¬ 
non  or  rocket  technologies. 

The  most  promising  of  EML  concepts  is  the  rail  gun  system  due  to  its 
inherent  simplicity.  The  development  of  rail  gun  technology,  presently  in  its  | 

i 

infant  stage,  presents  many  new  problems  which  must  be  solved  in  order  to  i 

i 

i 

complete  its  successful  weapon i zat ion .  j 

The  major  problem  areas  include  system  efficiency.  Joule  heating  effects,  j 

i 

switching,  and  power  supplies.  Secondary  areas  of  concern  include  rail  damage,  j 

i 

projectile  design,  and  structural  integrity.  i 

System  efficiency  represents  the  most  important  area  since  it  impinges 
directly  on  all  areas  mentioned  above  as  well  as  the  important  subsidiary 
requirements  of  reduction  of  system  weight  and  size.  Important  developments 
have  already  been  made  on  some  portions  of  the  rail  gun  system.  The  most 
notable  in  recent  years  is  the  development  of  compact  homopolar  generators 
(HPG) .  Improvements  in  HPG  design  have  increased  the  energy  stored/volume  ratio 
by  more  than  thirty  times  with  a  concomitant  improvement  in  energy  stored/mass 
ratios.  Further  increases  in  power  supply  performance  are  expected  to  increase 
these  ratios  by  perhaps  another  factor  of  two.  Thus,  spectacular  increases  in 
system  efficiency  will  occur  in  other  portions  of  the  rail  gun  system. 

Figure  1  schematically  suggests  that  such  improvement  might  be  sought  in 
the  rail  gun  (or  barrel)  itself.  The  rail  gun  represents  the  electromechanical 
load  of  the  system  and  techniques  must  be  found  to  increase  actual  launch  effi¬ 
ciency  by  increasing  projectile  velocity  to  barrel  length,  by  increasing  projec¬ 
tile  velocity  to  launch  current  ratios,  and  by  reduction  of  residual  magnetic 


field  losses  at  the  completion  of  launch.  Several  designs  have  been  proposed 
including  segmented  barrels  and  normal  augmentation  coils  placed  in  series  with 
rails.  Such  systems  suffer  from  either  increased  difficulties  of  switching  and 
timing  (segmented)  or  increased  demands  on  power  supplies.  Indeed,  we  have 
shown  that  normally  augmented  rail  guns  (NARG)  have  approximately  the  same  effi¬ 
ciency  as  unaugmented  guns  under  constant  current  operation.  The  increase  in 
system  performance  by  NARG  systems  is  counterbalanced  by  increasing  the  source 
work  (ref  1). 

The  initial  study  of  the  application  of  superconducting  principles  to  rail 
gun  design  clearly  showed  that  quantum  improvements  could  be  achieved  by  adding 
an  adjunct  superconducting  coil  operating  in  the  persistent  mode  and  closely 
coupled  magnetically  with  the  normally  conducting  rails  (ref  1). 

Superconducting  rails,  which  could  have  a  significant  effect  in  a  space-based 
system  but  would  present  extraordinary  commutation  problems  in  a  terrestrial 
system,  were  not  analyzed.  Herein  we  will  briefly  describe  the  previous  analy¬ 
ses  (refs  1-3),  present  new  theoretical  developments,  and  report  on  the  develop¬ 
ment  of  the  superconducting  augmented  rail  gun  (SARG)  demonstrator  at  Benet 
Weapons  Laboratory. 


JC.  G.  Homan  and  W.  Scholz,  "Evaluation  of  Superconducting  Augmentation  on  a 
Rail  Gun  System,"  ARRAOCOM  Technical  Report  ARLCB-TR-83016,  Benet  Weapons 
Laboratory,  Watervliet,  NY,  June  1983. 

^C.  G.  Homan  and  W.  Scholz,  "Evaluation  of  Superconducting  Augmentation  on  Rail 
Gun  Systems,"  IEEE  Trans,  on  Magnetics,  Hag-20,  1984,  p.  366. 

3C.  G.  Homan  and  W.  Scholz,  "Application  of  Superconductivity  to  Pulse  Power 
Problems,"  Proceedings  of  the  Fourth  IEEE  Pulsed  Power  Conference,  (T.  H. 
Martin  and  M.  F.  Rose,  eds.),  1983. 


THEORETICAL  ANALYSIS 


The  SARG  concept  uses  the  physical  principle  of  magnetic  flux  trapping  of  a 
superconducting  coil.  This  principle  may  be  derived  by  the  application  of 
Faraday's  law  to  a  closed  superconducting  coil  of  length  i,  i.e., 

/E  •  di  =  -  ^  =  0  (Superconducting  Coil)  (1) 

where  E  is  the  induced  electric  field  and  $  is  the  magnetic  flux  threading  the 
area  enclosed  by  the  coil. 

Equation  (1)  is  only  valid  for  a  superconducting  coil,  since  the  resistiv¬ 
ity  of  a  superconductor  is  effectively  zero.  By  comparison,  the  best  normal 
conductor,  copper,  has  a  resistivity  of  the  order  of  10"*  ohm  cm. 

Using  Eq.  (1),  we  analyzed  the  SARG  system  shown  schematically  in  Figure  1. 
For  the  constant  rail  current  mode  of  operation,  we  were  able  to  show  that  the 
mechanical  energy  WM,  the  magnetic  field  energy  Wm,  and  the  work  required  from 
the  electrical  source  Ws,  could  be  expressed  by  (ref  1) 

\  LI*  +  Ml I so  -  \  -~-  (2) 

Ls 

M2 1 2 

Wm  =  \  LI2  -  \  -r-  (3) 

Ls 

M2  I  2 

Ws  =  LI2  +  MIIS0  -  -j—  (4) 

Ls 

In  these  expressions,  L  is  self-inductance  of  the  rail  circuit;  I  is  the  normal 
current  in  the  rail  circuit;  M  is  the  mutual  inductance  between  the  rail  and 
augmentation  coils;  Iso  is  the  initial  supercurrent  in  the  augmentation  coil; 
and  ls  is  the  self-inductance  of  the  augmentation  coil. 

1C.  G.  Homan  and  W.  Scholz,  "Evaluation  of  Superconducting  Augmentation  on  a 
Rail  Gun  System,"  ARRA0C0M  Technical  Report  ARLCB-TR-83016,  Benet  Weapons 
Laboratory,  Watervliet,  NY,  June  1983. 
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Figure  1.  Schematic  circuit  of  rail  gun  with  an  adjunct  superconducting 
augmentation  system  (SARG). 

Substitution  of  the  relationship 

M  ■  k/LL^  (5) 

in  Eqs.  (2)  through  (4)  yields 

Wm  =  \  LI* (1-k* )  +  kIIso/LL^  (6) 

«„,  =  %  LI  *  ( 1-k* )  (7) 

ws  =  LI*(l-k*)  +  kllso/TT;  (8) 

where  k  is  the  magnetic  coupling  constant  and  0  <  k  <  1.0. 

In  the  derivation  of  Eqs.  (1)  through  (8),  we  have  neglected  the  normal 
resistance  of  the  rail  circuit  for  mathematical  convenience  and  for  a  clearer 
explanation  of  the  physical  principles  involved. 

By  comparison,  the  simple  unaugmented  rail  gun  (SRG)  operating  under 
constant  current  conditions  yields 


Wm  -  *  LI* 

(9) 

Hn  *  *  LI* 

(10) 

ws  =  LI* 

(11) 

If  we  define  the  ideal  launch  efficiency  (ILE) 

as  ILE  =  Wm/Ws,  then 

ILE  *  H 

(1-k*)  +  2k  IS0/IKLS/L 

(SRG) 

(12) 

=  X - 

(1-k*)  ♦  k  Iso/IZLs/L 

(SARG) 

(13) 

4 


again,  neglecting  frictional  and  resistance  effects.  Figure  2  shows  the 
variation  of  ILE  as  a  function  of  k. 


4 


Figure  2.  Variation  of  ideal  launch  efficiency  (ILE)  as  a  function  of 

magnetic  coupling  constant  k  for  the  case  when  Is0  =  I  and  Ls  = 

So  far  we  have  dealt  with  ideal  systems  by  neglecting  resistance  and  fric 
tional  effects.  We  can  adopt  the  procedure  outlined  by  Hammond  (ref  4),  i.e., 
the  system  is  analyzed  using  idealized  components  and  then  the  dissipating  ele 
ments  are  introduced.  For  our  particular  system,  we  note  that  the  idealized 
circuit  of  the  simple  rail  gun  is  a  linear  circuit  in  which  the  magnetic  and 
mechanical  energy  are  each  equal  to  half  of  the  work  supplied  by  the  source  at 
constant  current.  For  a  nonideal  system,  the  frictional  and  resistive  losses 
can  be  included  as  a  part  of  kinetic  energy  W^.  Then  we  may  write 

*  *  mpvp*  ♦  "2"  +  f  U 

*P.  Hammond,  Energy  Methods  in  Electromagnetism,  Clarendon  Press,  Oxford 
University  Press,  NY,  1981,  Chapter  6. 


where  mp  and  Vp  are  the  projectile’s  mass  and  muzzle  velocity,  respectively;  R/2 
is  the  mean  value  of  the  total  room  temperature  rail  resistance;  and  At  is  the 
projectile  transit  time.  The  second  term  on  the  right  of  Eq.  (14)  is  the  energy 
loss  due  to  current  flow  in  the  rails  assuming  no  rail  heating.  The  factor  f 
contains  dissipative  terms  due  to  rail  heating.  Joule  heating,  friction,  etc., 
which  are  extremely  difficult  to  analyze.  Intuitively,  we  feel  that  the  energy 
loss  due  to  increased  resistance  and  heat  losses  from  rail  heating  will  dominate 
f.  The  heating  of  the  rails  will  vary  as  I2,  thus  we  expect  that  f  will  also 
vary  as  I2  to  a  good  approximation. 

The  actual  launch  efficiency  (LE)  defined  as 


LE  . 


(SRG) 


15) 


can  be  determined  experimentally.  Thus  using  the  experimental  results  of  EMACK 
(ref  5),  we  estimate  that  LE  =  25  percent  and  we  can  find  using  Eq.  (9)  that 


*  •  *  u*  *  .  t 


(SRG)  (16) 

In  order  to  extend  this  analysis  to  a  SARG  system,  we  note  that  the  adjunct 
superconducting  augmentation  system  is  essentially  nondissipative.  We  assume 
that  a  SARG  launcher  being  powered  at  constant  current  from  the  power  source 
will  have  a  dissipative  term 

^sarg)2 


fSARG  s  fSRG 


XSRG ) : 


(17) 


and  that  an  expression  of  the  form  of  Eq.  (16)  may  be  written  using  the 
appropriate  WM  (Eq.  (6)). 


50.  W.  Deis  and  D.  W.  Scherbarth,  "EMACK  Electromagnetic  Launcher 
Commissioning,"  IEEE  Trans,  on  Magnetics,  Mag-20,  1984,  p.  245. 


SARG  DEMONSTRATOR 

In  order  to  demonstrate  the  principle  of  superconducting  augmentation, 

Benet  weapons  Laboratory  ( BWL )  and  Los  Alamos  National  Laboratory  ( LANL )  are 
collaborating  in  the  construction  and  test  of  a  SARG  demonstrator. 

LANL  is  constructing  and  testing  a  small  rail  gun  system  consisting  of  a  1 
meter  'ong,  3/8-mch  square  bore  rail  gun  powered  by  a  5  Kv,  1444  (if  capacitive 
energy  source  through  a  6  pH  pulse  shaping  inductance.  A  4  gram  projectile 
should  reach  a  muzzle  velocity  of  at  least  600  m/sec  in  this  gun.  Recently, 

LANL  launched  fifty  projectiles  at  various  power  levels  and  measured  muzzle 
velocities  with  flash  x-ray  techniques.  Statistically  significant  velocity 
results  will  be  reported  for  the  various  power  leve’s. 

Benet  is  modifying  a  4  Tesla  superconducting  dipole  magnet  system,  supplied 
by  DOE  from  the  ESCAR  Magnet  Program,  to  a  warm  bore  configuration.  The 
modified  magnet  coupled  with  Benet's  20  watt  liquid  helium  (LHE)  refrigerator 
system  constitute  the  adjunct  augmentation  system.  The  augmentation  system  was 


completed  and  tested  in  FY86. 


The  SAR6  system  will  be  assembled  from  these  components  and  tested  in  FY87. 
The  assembled  SARG  will  have  relatively  low  magnetic  coupling  (k  -  0.4)  due  to 
the  particular  design  of  the  ESCAR  magnet  system.  However,  a  properly  designed 
SARG  system  discussed  below  should  be  able  to  achieve  coupling  constants  greater 
than  0.9. 

The  present  demonstrator  system  should  yield  a  50  percent  increase  in 
muzzle  velocities  and  more  than  50  percent  increase  in  actual  launch  efficien¬ 
cies  at  equivalent  power  supply  levels. 

Cryogenic  testing  of  the  ESCAR  magnet  system  by  DOE  indicates  cryogenic 
loads  of  less  than  five  watts  at  4.5  K  using  closed-cycle  refrigeration  and  with 
heat  loads  approaching  launch  conditions.  Thus,  the  capability  of  providing 
adequate  refrigeration  from  small  scale,  commercially  available  units  is 
feasible.  This  point  is  central  to  the  weaponization  of  SARG  systems. 

PROTOTYPE  SARG  WEAPONS 

The  weaponization  of  SARG  launchers  will  require  solutions  to  technical 
problems  unique  to  these  new  systems.  Benet  is  particularly  concerned  with 
those  problems  associated  with  direct  fire  or  close  combat  weaponization. 

Typical  specifications  of  such  a  system  are  shown  in  Table  I. 

Additional  problems  associated  with  a  SARG-type  system  include  improvement 
in  coupling  coefficients,  cryogenic  requirements,  superconducting  magnet  quench 
due  to  eddy  current  heating  or  exceeding  the  critical  temperature,  magnetic 
field  or  current  of  the  superconductor  used,  and  the  mechanical  integrity  of  the 
augmentation  system  itself. 


TABLE  I.  TYPICAL  SPECIFICATIONS  FOR  THE  MEAPONIZATION  OF  A  SARG  LAUNCHER 


Total  Mass  of  Projectile  and  Sabot 

> 

3  kg 

Projectile  Muzzle  Velocities 

> 

3  km/ sec 

Projectile  Energy 

> 

13.5  MJ 

Barrel  Length 

< 

8  m 

System  Weight  (including  vehicle) 

< 

55  tons 

Firing  Rate 

> 

1  Hz 

A  feasibility  study  was  performed  to  determine  if  a  SARG-type  system  could 
meet  these  specifications  using  existing  technology.  That  is,  what  would  be  the 
most  feasible  configuration  of  a  rail  launcher  using  components  and  technologies 
presently  available. 

Before  describing  the  results  of  the  analysis,  we  will  present  some  solu¬ 
tions  to  problems  directly  concerning  SARG  configurations. 

The  magnetic  quenching  of  a  properly  designed  superconducting  coil  occurs 
primarily  by  eddy  current  heating  of  the  copper  matrix  material  in  commercially 
available  superconducting  wire.  The  present  state  of  the  art  cable  when  ramped 
with  current  from  an  external  source  can  sustain  60  Hz  cycling  without 
quenching.  This  translates  into  a  half  period  of  about  8  msec  which  represents 
the  limit  of  its  use  in  a  rail  gun  application.  Since  transit  times  of  the  rail 
gun  described  here  are  in  the  order  of  4  msec,  use  of  a  superconducting  coil 
ramped  with  current  from  an  external  source  is  not  possible  with  present  tech¬ 
nology. 

However,  in  the  SARG  configuration,  the  augmentation  coils  are  a  closed 
loop  with  persistent  supercurrents.  Hence,  SARG  augmentation  coils  are  ramped 
by  the  magnetic  field  of  the  rails.  This  is  an  entirely  different  physical 


situation  from  current  ramping.  Unfortunately,  no  experimental  data  exists  for 
this  situation;  however,  considering  the  magnetic  flux  conservation  stated  in 
Eq.  (1),  one  would  expect  that  eddy  current  heating  would  be  substantially 
reduced.  Of  course,  a  coil  completely  composed  of  superconducting  filaments 
would  have  no  eddy  current  heating.  Coils  made  from  commercially  available 
cable  require  at  least  ten  percent  of  the  cable  volume  to  be  copper  matrix  for 
conduction,  fabrication,  and  mechanical  reasons.  The  half  period  for  magnetic 
ramping  of  a  90  percent  superconducting  -  ten  percent  copper  matrix  cable  coil 
was  estimated  to  be  at  least  a  factor  of  two  less  than  the  current  ramp  case 
(ref  6).  This  estimate  suggests  a  SARG-type  system  in  which  the  supercurrent  is 
ramped  by  the  magnetic  field  of  the  rails  may  be  marginally  possible. 

To  further  reduce  the  possibility  of  magnetic  field  ramp  quenching,  we  ana¬ 
lyzed  the  "ballasted"  SARG  circuit.  The  "ballasted"  SARG  is  constructed  by 
placing  an  additional  superconducting  coil  in  series  with  the  augmenting  coil 
which  is  not  magnetically  coupled  with  either  the  augmentation  or  rail  coils. 
Such  a  configuration  is  shown  schematically  in  Figure  3. 


L  + 


B» 

ta 

BjS 

«H 
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■ 
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H0M0P01AR  GENERATOR  (SLOW)  SARG  (BALLASTED) 

Figure  3.  Schematic  circuit  of  "ballasted"  SARG. 
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Now  the  inductance  of  the  superconducting  circuit  L*  is  L*  =  L+  ♦  Ls,  where 
L+  is  the  inductance  of  the  "ballast"  coil  and  Ls  is  the  inductance  of  the 
augmentation  coil.  Also,  if  L+  >>  Ls,  then 

L*  ■  L+  +  Ls  »  Ls  (18) 

and 

M  =  k/Urs  (19) 

We  have  previously  shown  (ref  1)  for  the  "ballasted"  SARG  that 

M  2 1  eg  /  Lc 

WM  ■  \  LI*  ♦  LIIS0  l  =  %  LI* [1  +  — k  V  ~]  (20) 


Hn  =  H  LI* 


Ws  *  LI*  +  LIsoI  [  =  LI* [1  +  -f-  k  /^-] 


Evaluation  of  the  supercurrents  shows 


IM 


^sJSARG  =  Iso  =  T~ 


and 


(21) 

(22) 


(23) 


(Is) BALLASTED  SARG  *  Iso  *  Constant  (24) 

Thus,  the  ramping  of  the  supercurrent  which  occurs  in  SARG  may  be  significantly 
reduced  in  the  ballasted  SARG  condition. 

In  order  to  evaluate  the  three  systems  involved,  we  used  the  procedure 
outlined  in  Eqs.  (14)  through  (17)  to  determine  f  for  each  system;  Eqs.  (6) 
through  (8)  for  SRG;  Eqs.  (9)  through  (11)  for  SARG;  and  Eqs.  (20)  through  (22) 
for  the  "ballasted"  SARG  to  determine  system  parameters.  Assuming  a  constant 
projectile  energy  of  14  MJ,  these  parameters  are  tabulated  in  Table  II. 

i 


C.  G.  Homan  and  W.  Scholz,  "Evaluation  of  Superconducting  Augmentation  on  a 
Rail  Gun  System,"  ARRADCOM  Technical  Report  ARLCB-TR-83016,  Benet  Weapons 
Laboratory,  Watervliet,  NY,  June  1983. 


TABLE  II.  RESULTS  OF  THE  THEORETICAL  ANALYSES  OF  THREE  CONFIGURATIONS 
OF  RAIL  LAUNCHERS  (RAIL  GUN.  SARG,  AND  BALLASTED  SAR6) . 
THESE  CALCULATIONS  HERE  PERFORMED  HOLDING  PROJECTILE 
VELOCITY  CONSTANT. 


I  (MA) 

^so (MA) 

MB 

I*RAt/2+f 

(MJ) 

— 

Wffl(MJ) 

WS(MJ) 

Act 
Eff  % 

Rail  Gun 

g 

NA 

14 

14 

28 

■ 

25 

SARG 

m 

0.61 

14 

8.5 

3.2 

54 

Sal  lasted 
SARG 

m 

0.44 

14 

4.2 

8.6 

52 

In  these  calculations,  we  assumed  that  I  was  constant,  L  =  3.6x10"*  Henry, 

R  *  2.4xl0~4  ohms,  and  the  transit  time  At  =  4  msec  from  the  experimental  EMACK 
test  results  (ref  5).  In  addition,  we  assumed  the  conservative  values  of  k  = 
0.9,  Ls  =  10  L,  and  I  =  5  Iso  for  the  augmentation  system. 

These  results  indicate  that  the  actual  efficiency  of  an  augmented  system  is 
more  than  twice  that  of  a  simple  rail  gun.  The  ballasted  SARG  is  the  superior 
design  for  the  following  reasons. 

1.  The  current  required  is  30  percent  less  than  SARG  and  44  percent  less 
than  SRG .  Thus,  heating  loads  and  cooling  requirements  are  significantly 
lowered. 

2.  For  approximately  the  same  size  source  and  efficiencies,  the  ballasted 
SARG  has  significantly  higher  magnetic  field  energy  than  SARG  which  must  be 
dissipated.  However,  this  energy  is  dissipated  after  launch  and  may  be  more 
efficiently  disposed  in  either  a  properly  designed  muzzle  resistor  or  may 
actually  be  partially  recovered.  The  magnetic  field  energy  is  only  30  percent 
of  the  SRG  configuration. 

^D.  M.  Deis  and  0.  W.  Scherbarth,  "EMACK  Electromagnetic  Launcher 
Commissioning,"  IEEE  Trans,  on  Magnetics,  Mag-20,  1984,  p.  245. 
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It  is  important  to  note  that  the  kinetic  energy  used  is  sufficient  to 
launch  penetrator  type  projectiles  (3  kg)  at  velocities  greater  (3  km/sec)  than 
achievable  by  current  cannon. 

Some  important  tradeoffs  must  be  considered.  For  example,  the  increased 
complexity  of  superconducting  coil  and  cryogenic  requirements  for  the  augmented 
systems  are  offset  by  increased  efficiency  and  lower  rail  heating. 

The  increased  efficiency  means  that  smaller  homopolar  generators  (or  other 
power  supplies)  may  be  used  to  power  the  launcher  system.  Present  HPG's  weigh, 
with  their  ancillary  equipment,  approximately  five  tons  and  can  deliver  about  1 
MA  to  a  rail  gun  system  load.  Thus  the  power  supply  requirement,  assuming  an 
increase  in  HPG  efficiency  of  25  percent  would  lead  to  power  supply  weights  of 
over  15  tons  for  an  SRG  and  over  12  tons  for  SARG,  compared  to  about  9  tons  for 
the  ballasted  SARG  case. 

One  must  consider  the  additional  weights  of  the  augmentation  system 
including  the  cryogenic  and  power  modules.  From  our  preliminary  experimental 
results  on  the  SARG  demonstrator,  we  can  estimate  cooling  loads  of  about  10 
watts  at  4.5  K.  Thus,  the  ancillary  equipment  to  the  augmented  systems  should 
weigh  less  than  two  tons. 

The  weight  of  the  augmentation  ancillary  equipment  will  be  offset  by  the 
reduced  cooling  requirement  of  the  rail  gun  when  operated  in  these  modes,  since 
less  than  30  percent  of  the  waste  heat  generated  by  an  SRG  launch  is  developed 
in  a  ballasted  SARG  launch. 


CONCLUSION 

Application  of  superconducting  technology  to  the  augmentation  of  simple 
rail  guns  can  yield  significantly  improved  efficiency.  This  improvement  is 
achieved  by  reducing  both  the  magnetic  field  normally  dissipated  at  the  end  of 
launch  and  the  barrel  Joule  heating  losses. 

This  study  also  indicates  that  it  is  practical  to  achieve  weapon  quality 
launchers  using  current  state  of  the  art  technology  with  mobile  gun  systems. 
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